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A tetracycline-regulated gene expression system and a panel of novel monoclonal antibodies were used to
examine the subcellular localization, stability, and frans-cleavage competence of the hepatitis C virus (HCV)
NS3-NS4A complex in inducible cell lines. The NS3 serine protease domain and the full-length NS3 protein ex-
pressed in the absence of the NS4A cofactor were diffusely distributed in the cytoplasm and nucleus. Coex-
pression of NS4A, however, directed NS3 to the endoplasmic reticulum (ER) or an ER-like modified compart-
ment, as demonstrated by colocalization with 3,3'-dihexyloxacarbocyanine iodide, protein disulfide isomerase,
and calnexin, as well as subcellular fractionation analyses. In addition, coexpression with NS4A dramatically
increased the intracellular stability of NS3 (mean protein half-life of 26 versus 3 h) and allowed for NS4A-
dependent trans-cleavage at the NS4B-NS5A junction. Deletion analyses revealed that the hydrophobic amino-
terminal domain of NS4A was required for ER targeting of NS3. These results demonstrate the importance of
studying HCV proteins in their biological context and define a well-characterized cell culture system for further
analyses of the NS3-NS4A complex and the evaluation of novel antiviral strategies against hepatitis C.

Hepatitis C virus (HCV) is the most common etiologic agent
of posttransfusion and sporadic non-A, non-B hepatitis (6, 25).
The majority of HCV-infected individuals develop chronic in-
fection which may progress to liver cirrhosis and eventually
hepatocellular carcinoma (19). HCV contains a single-strand-
ed, positive-sense RNA genome of approximately 9,600 nucle-
otides (nt) that encodes a polyprotein precursor of 3,010 to
3,033 amino acids (aa). The polyprotein precursor is co- and
posttranslationally processed by cellular and viral proteases to
yield the mature structural and nonstructural proteins (39).
The structural proteins are believed to be processed by the en-
doplasmic reticulum (ER) signal peptidase (17, 26, 43). Cleav-
age at the NS2-NS3 site is mediated by a viral protease com-
posed of NS2 and the amino-terminal one-third of NS3 (13, 18,
38). A distinct serine protease located in the amino-terminal
one-third of NS3 is responsible for the downstream cleavages
in the nonstructural region (1, 12, 49). The proteolytic events
mediated by the NS3 serine protease have been shown to be
essential for viral replication in vivo in the related yellow fever
(4) and bovine viral diarrhea viruses (50), as well as very re-
cently also in HCV (23a). This viral enzyme, therefore, has
emerged as a major target in the design of novel antiviral
agents against hepatitis C. The biochemical features of the NS3
serine protease have been well characterized in cell-free trans-
lation and transient cellular expression systems (39). In addi-
tion, the crystal structure of the NS3 se-rine protease (23, 31,
51) and RNA helicase (5, 22, 52) domains, the latter located in
the carboxy-terminal region of NS3, have recently been eluci-
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dated. The 54-aa NS4A polypeptide functions as a cofactor for
the NS3 serine protease (2, 10, 27). The central domain of
NS4A has been shown to interact with NS3 and to be essential
for its cofactor function (3, 29, 45, 47). The crystal structure
revealed that NS4A is incorporated as an integral component
into the amino-terminal B barrel of the serine protease core
(23, 51).

Compared to the detailed knowledge of its biochemical fea-
tures, much less is known concerning the characteristics of the
NS3-NS4A complex in a cellular context. This is in part due to
the lack of an efficient cell culture system for HCV and the
difficulty of reliably detecting HCV proteins in naturally in-
fected liver tissue. While previous studies indicated a cytoplas-
mic localization of NS3 (15, 24, 42), recent work suggested
that NS3 may be a nuclear protein that, with varying efficiency
among different HCV isolates and depending on the p53 status
of the cell, may be retained in the cytoplasm by interaction with
NS4A (36). In this context, it was speculated that nuclear NS3
may be responsible for the reported interference of NS3 with
various host cell functions, such as growth control (40) and
apoptosis (11). In addition, preliminary subcellular fraction-
ation and pulse-chase analyses in transiently transfected cells
suggested that expression of NS4A induced membrane associ-
ation and stabilization of NS3 (28, 44, 47). However, the sub-
cellular compartment targeted by the NS3-NS4A complex, and
the requirements for membrane association have not been
defined. Finally, a quantitative comparison of the intracellular
stability and protein half-lives of NS3 and the NS3-NS4A com-
plex has not been reported to date.

The aim of this study, therefore, was to examine the subcel-
lular localization, stability, and trans-cleavage competence of
the NS3-NS4A complex in vitro in tetracycline-regulated cell
lines as a well-defined and highly reproducible cell culture
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system. In addition, a panel of novel monoclonal antibodies
(MADs) against the NS3 serine protease domain was generated
to investigate the subcellular localization of this key viral en-
zyme in vitro and in vivo in naturally infected liver tissue from
patients with chronic hepatitis C.

MATERIALS AND METHODS

Production and characterization of MAbs. HCV genotype 1b-derived, hexa-
histidine-tagged HCV NS3 serine protease domain (HCV aa 1027 to 1219) was
expressed in Escherichia coli and purified under denaturing conditions by nickel
affinity chromatography and size exclusion chromatography by high-pressure
liquid chromatography. Spleen cells from BALB/c mice immunized with recom-
binant protein were fused with the X63-Ag8.653 myeloma cell line (American
Type Culture Collection, Rockville, Md.). Hybridomas were selected, and su-
pernatants were screened by enzyme-linked immunosorbent assay essentially as
described earlier (16). Hybridomas immunoreactive with recombinant and cel-
lular-expressed NS3 protein were cloned twice by limiting dilution. MADb isotypes
were determined with reagents from Amersham (Arlington Heights, Ill.). Epi-
topes were mapped by random DNase I fragment expression library screening by
using the NovaTope System (Novagen, Madison, Wis.) and by competitive inhi-
bition experiments.

MADs 8N against HCV NS4A and 11F against NS5A were generously pro-
vided by Jan Albert Hellings and Winand Habets, Organon Teknika B.V., Box-
tel, The Netherlands. MAb D3 against protein disulfide isomerase (PDI) was
obtained from StressGen (Victoria, British Columbia, Canada), MAb 37 against
calnexin was obtained from Dianova (Hamburg, Germany), and MAb 1D6-
E1-A8 against cytochrome oxidase subunit I (COX-I) was obtained from Mo-
lecular Probes (Eugene, Oreg.). A rabbit polyclonal antiserum to Rabl was
obtained from Zymed (San Francisco, Calif.). A rabbit polyclonal antiserum to
mannosidase II (Man II) (34) was kindly provided by Kelley Moremen, Univer-
sity of Georgia, Athens.

Establishment and characterization of inducible cell lines. cDNA fragments
comprising nt 3418 to 4022 (aa 1027 to 1227), nt 3418 to 5312 (aa 1027 to 1657),
and nt 3418 to 5475 (aa 1027 to 1711) of the HCV H strain (genotype 1a) were
amplified by PCR from pBRTM/HCV1-3011 (14) by using the sense primer
5'-GCACGAATTCACCATGGCGCCCATCACGGCGTACGCCCAGCAGA
C-3' (the EcoRI site is underlined; the engineered translation initiation codon is
double underlined) and the reverse primers 5'-GCTGTCTAGATTAGTGGGC
CACCTGGAAGCTCTGGGGCACTGC-3', 5'-GCTGICTAGATTACGTGA
CGACCTCCAGGTCGGCCGACATGC-3', and 5'-GCTGTCTAGATTAGCA
CTCTTCCATCTCATCGAACTCCTGGTAG-3' (the Xbal site is underlined,
and the engineered ochre stop codon is double underlined). Amplification prod-
ucts were cloned into the EcoRI-Xbal sites of pUHD10-3 (36) to yield the
expression constructs pUHDNS3P201, pUHDNS3, and pUHDNS3-4A, respec-
tively. These constructs allow expression of the NS3 serine protease domain, of
full-length NS3 protein, and of the NS3-NS4A complex under the transcriptional
control of a tetracycline-controlled transactivator (tTA)-dependent promoter
(Fig. 1A). Inducible cell lines were generated as previously described (32, 33). In
brief, the constitutively tTA-expressing, U-2 OS human osteosarcoma-derived
founder cell line UTA-6 (9) was cotransfected with tTA-dependent expression
constructs and pBabepuro (35). G418 and puromycin double-resistant clones
were isolated, screened for tightly regulated HCV gene expression, and charac-
terized by genomic Southern, Northern, and Western blot analyses. UHCV cells,
which inducibly express the complete HCV H open reading frame, have been
described previously (33).

Indirect immunofluorescence and confocal laser scanning microscopy. Indi-
rect immunofluorescence microscopy was performed as described previously
(32). In brief, cells grown as monolayers on glass coverslips were fixed with 2%
paraformaldehyde, permeabilized with 0.05% saponin, and incubated with pri-
mary antibodies in phosphate-buffered saline (PBS) containing 3% bovine serum
albumin and 0.05% saponin. Bound primary antibody was revealed with fluores-
cein isothiocyanate (FITC)-conjugated goat F(ab'), fragment to mouse immu-
noglobulin G (IgG) F(ab"), (Cappel, Durham, N.C.) or sheep F(ab'), fragment
to rabbit IgG (Boehringer Mannheim, Mannheim, Germany), respectively. For
colocalization experiments, protein G affinity-purified MAb 1B6 was biotinylated
by using the FluoReporter Biotin-XX labeling kit and revealed with Texas Red
(TXR)-conjugated streptavidin (both from Molecular Probes). Coverslips were
mounted in SlowFade (Molecular Probes) and examined with a Zeiss Axiovert
photomicroscope equipped with an epifluorescence attachment. Confocal laser
scanning microscopy was performed by using a Zeiss LSM 410 microscope, and
images were processed with the Adobe Photoshop 3.0.5 program.

Immunohistochemistry. NS3 protein was detected in liver tissue from patients
with chronic hepatitis C by a two-stage indirect immunostaining procedure as
previously described (41) with some modifications. Liver biopsy samples from 29
anti-HCV and HCV RNA-positive patients were included. Histological diagnosis
was minimal changes in 2 patients, chronic persistent hepatitis in 9 patients,
chronic active hepatitis without cirrhosis in 12 patients, and chronic active hep-
atitis with cirrhosis in 6 patients. Next, 5-pm cryosections were cut from snap-
frozen liver tissue on siliconized coverslips, which were then air dried and stored
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at —80°C until use. After rehydration, sections were washed in PBS and incu-
bated with protein G affinity-purified 2E10 MADb at a concentration of 2.5 ng/ml,
followed by the addition of affinity-purified sheep IgG F(ab’), fragment to mouse
Ig conjugated to alkaline phosphatase (Boehringer Mannheim). Unbound anti-
body was removed by immersion of the slides in 100 mM Tris-Cl (pH 7.4)
containing 150 mM NacCl, followed by 100 mM Tris-Cl (pH 9.5) containing 100
mM NaCl and 50 mM MgCl,. Levamisole was added to the alkaline phosphatase
substrate 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium (Bio-Rad,
Hercules, Calif.) to block endogenous alkaline phosphatase. The specificity of
NS3 staining patterns was assessed on selected positive samples before and after
absorption of the MAb with recombinant NS3 protein. Recombinant hepatitis B
virus-associated proteins (HBsAg and HBcAg) were included in these experi-
ments as controls. A nonrelevant control antibody (mouse anti-human chorionic
gonadotropin) and liver tissue samples from anti-HCV and HCV RNA-negative
patients were used as additional negative controls.

Western blot analysis. Western blot analysis was performed as described
previously (32, 33).

Substrates for NS3 trans-cleavage assays. cDNA fragments comprising nt 5473
to 7602 (aa 1712 to 2420) and nt 6256 to 8538 (aa 1973 to 2732) of the HCV H
strain were amplified by PCR from pBRTM/HCV1-3011 by using the primer
pairs sense 5'-CACGAATTCACCATGGGCTCTCAGCACTTACCGTACAT
CGAGCAAG-3' (the EcoRI site is underlined, the engineered translation ini-
tiation codon is double underlined, and the engineered glycine codon for the
optimal Kozak sequence is in italics) and reverse 5'-CTGTCTAGACTAGCAG
CACACGACATCTTCCGTGTCGGC-3' (the Xbal site is underlined, and the
engineered amber stop codon is double underlined), as well as sense 5'-CACG
GTACCACCATGGGCTCCGGCTCCTGGCTAAGGGACATCTG-3" (the
Kpnl site is underlined, the engineered translation initiation codon is double
underlined, and the engineered glycine codon for optimal Kozak sequence is in
italics) and reverse 5'-CTGTCTAGATTAGGTGCAGTCCTGGAGCCCTGC
GGCTCGACG-3' (the Xbal site is underlined, and the engineered ochre stop
codon is double underlined). Amplification products were cloned into the
EcoRI-Xbal sites and Kpnl-Xbal sites, respectively, of pcDNA3.1 (Invitrogen) to
yield the expression constructs pPCMVNS4B-5A and pCMVNS5A-5B312. These
constructs allow expression of a NS4B-NS5A substrate and of a substrate com-
prising NS5A and the amino-terminal 312 aa of NS5B, respectively, under the
control of the cytomegalovirus immediate-early promoter.

NS4A expression constructs. cDNA fragments comprising nt 5312 to 5475 (aa
1658 to 1711) and nt 5312 to 5414 (aa 1658 to 1691) of the HCV H strain were
amplified by PCR from pBRTM/HCV1-3011 by using the sense primer 5'-GC
ACGAATTCACCATGAGCACCTGGGTGCTCGTTGGCGGCGTCC-3" (the
EcoRI site is underlined, and the engineered translation initiation codon is
double underlined) and one of the reverse primers 5'-GCTGTCTAGATTAGC
ACTCTTCCATCTCATCGAACTCCTGG-3" and 5'-CTGTCTAGACTACTT
CCCGGACAAGACAATCCTGCCCAC-3’ (the Xbal site is underlined, and
the engineered stop codon is double underlined), respectively. A cDNA frag-
ment comprising nt 5373 to 5475 (aa 1678 to 1711) was amplified by using the
sense primer 5' CACGAATTCACCATGGGCTGCGTGGTCATAGTGGG
CAGGAT-3' and the reverse primer 5’ -GCTGTCTAGATTAGCACTCTTC
CATCTCATCGAACTCCTGG-3'. Amplification products were cloned into the
EcoRI-Xbal sites of pcDNA3.1 to yield the expression constructs pPCMVNS4A,
pPCMVNS4A1-34, and pCMVNS4A21-54, respectively. These constructs allow
expression of the entire NS4A protein (aa 1 to 54), the amino-terminal (aa 1 to
34), and the carboxy-terminal two-thirds (aa 21 to 54) of NS4A, respectively,
under the control of the cytomegalovirus immediate-early promoter. Plasmid
pCMVNS4A21-34, allowing expression of the central one-third of NS4A (aa 21
to 34), was generated by hybridization of the primer pair sense 5'-AATTCAC
CATGGGCTGCGTGGTCATAGTGGGCAGGATTGTCTTGTCCGGGAA
GTAGT-3'" and reverse 5'-CTAGACTACTTCCCGGACAAGACAATCCTGC
CCACTATGACCACGCAGCCCATGGTG-3" and ligation into the EcoRI-
Xbal sites of pcDNA3.1.

RESULTS

NS3 MAbs and inducible cell lines. Recombinant NS3
serine protease was expressed in E. coli and used as an antigen
to generate a panel of novel MAbs. The characteristics of these
antibodies, termed 1B6, 1G9, 1H7, and 2E10, are summarized
in Table 1. All MAbs functioned well in indirect immunoflu-
orescence microscopy and Western blot applications, suggest-
ing that they recognize linear epitopes. The epitope recognized
by MAb 1H7 could be mapped to HCV aa 1186 to 1219 by
random DNase I fragment expression library screening. In
addition, competitive inhibition experiments indicated that
MADbs 1B6 and 1G9 recognized closely related epitopes in
the carboxy-terminal region of the NS3 serine protease do-
main. MAb 2E10, on the other hand, was found to be di-



VoL. 74, 2000

TABLE 1. Characteristics of MAbs specific for
the NS3 serine protease domain

Detection by?:

Epitope
MADb Isotype .

o (aa) 1IF WB IHC
1B6 I1gGlk 1186-1219 + + —
1G9 IeM 1186-1219 + + —
1H7 I1gGlk 1186-1219 + + —
2E10 IgG2bk 1027-1219 + + +

“ The epitope recognized by MAb 1H7 was mapped to HCV aa 1186 to 1219
by random DNase I fragment expression library screening as described in Ma-
terials and Methods. 1B6 and 1H7 competed for binding to the same or closely
related epitopes. In addition, 1B6 and 1H7 showed partial competition with 1G9
in competitive inhibition assays, indicating that these three MAbs recognize
closely related epitopes in the carboxy-terminal region of the NS3 serine pro-
tease domain. By contrast, MAb 2E10 did not compete with these MADbs, indi-
cating that it recognizes a distinct epitope within the NS3 serine protease do-
main. The epitope values for MAbs 1B6 and 1G9 are approximate.

® TIF, indirect immunofluorescence microscopy; WB, Western blot; IHC, im-
munohistochemistry of liver tissue sections from patients with chronic hepati-
tis C.

rected against a distinct epitope in the NS3 serine protease
domain.

Continuous human cell lines inducibly expressing various
forms of NS3 and the NS3-NS4A complex were generated by
transfection of the tTA-expressing founder cell line UTA-6
with constructs allowing expression of the NS3 serine protease
domain, of full-length NS3 protein, and of the NS3-NS4A
complex under the transcriptional control of a tTA-dependent
promoter (Fig. 1A). Screening of antibiotic double-resistant
stable clones resulting from these transfections allowed the

1027 1227
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1027 1657

1027 1711
UNS3-4A

UHCV
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identification of several tightly regulated UNS3P201, UNS3,
and UNS3-4A cell lines. These contained different numbers of
HCV transgenes chromosomally integrated in a head-to-tail
fashion that were inducibly expressed as a single HCV-specific
transcript of the expected length, as assessed by genomic South-
ern and Northern blot analyses, respectively (data not illustrat-
ed). These cell lines were maintained in continuous culture for
more than 12 months and for more than 50 passages without
loss of their characteristics.

Data obtained with the cell lines UNS3P201-47.10, UNS3-
25, and UNS3-4A-24 will be presented below. All results were
confirmed in at least two additional independent clones. In
addition, a previously described cell line, UHCV-35, which
allows expression of NS3 in the context of the entire HCV
polyprotein, was used (33). A representative Western blot of
inducible cell lines cultured in the presence or absence of
tetracycline is shown in Fig. 1B. A single NS3-specific product
of approximately 24 kDa, corresponding to the serine protease
domain, was found in UNS3P201 cells cultured in the absence
of tetracycline. The 70-kDa full-length NS3 protein was de-
tected in UNS3, UNS3-4A, and UHCYV cells cultured in the
absence of tetracycline. In addition, the NS4A cofactor was
inducibly expressed and processed by cis-cleavage in UNS3-4A
and UHCV cells.

Subcellular localization of NS3 and the NS3-NS4A complex.
The subcellular localization of the various forms of NS3
and the NS3-NS4A complex expressed in UNS3P201, UNS3,
UNS3-4A, and UHCV cells was investigated by indirect im-
munofluorescence and confocal laser scanning microscopy. As
shown in Fig. 2, the NS3 serine protease domain expressed in
UNS3P201 cells was found in a diffuse cytoplasmic and nuclear
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FIG. 1. Tetracycline-regulated cell lines. (A) Expression cassettes present in UNS3P201, UNS3, UNS3-4A, and UHCV cells. The HCV amino acid positions
included are indicated for each construct. The genetic organization and polyprotein processing of HCV are schematically illustrated at the top of the panel. Diamonds
denote cleavages of the HCV polyprotein precursor by the ER signal peptidase, and arrows indicate cleavages by the NS2-NS3 and NS3 proteases. (B) Tightly regulated
expression of NS3 protein in inducible cell lines. UNS3P201-47.10, UNS3-25, UNS3-4A-24, and UHCV-35 cells were cultured for 24 h in the presence (+ tet) or absence
(— tet) of tetracycline. A total of 70 pg of protein per lane was separated by sodium dodecyl sulfate (SDS)-12% polyacrylamide gel electrophoresis (PAGE) and
analyzed by immunoblot with MAbs 1H7 against NS3 and 8N against NS4A as described in Materials and Methods. Molecular mass standards are indicated on the

left in kilodaltons.



2296 WOLK ET AL.

staining pattern with superimposed broady distributed fine
granules. Full-length NS3 protein expressed in UNS3 cells
showed a diffuse cytoplasmic and nuclear localization as well.
In addition, more intensively stained somewhat coarser gran-
ules were found in the perinuclear region. In about 60% of
these cells, NS3 accumulated in the nucleus, with apparent
sparing of the nucleoli. A minority of cells showed a diffuse
exclusively cytoplasmic staining.

In sharp contrast to the pattern observed in UNS3P201 and
UNS3 cells, the NS3-NS4A complex expressed in UNS3-4A
cells was found in a predominantly perinuclear reticular and
granular staining pattern typical for ER proteins. No nuclear
staining was detected in these cells. In addition, however, there
was staining of tubular structures radiating from the perinu-
clear region to the periphery of the cell, a pattern typical for
mitochondria. In UHCYV cells, overall expression levels were
lower, but the cytoplasmic reticular and granular staining pat-
tern was similar to that observed in UNS3-4A cells.

These observations were extended by confocal laser scan-
ning microscopy. As shown in Fig. 3, sections placed through
the center of the nuclei confirmed NS3 to be localized in the
nucleus only in UNS3P201 and UNS3, but not in UNS3-4A
and UHCV cells.

To further investigate the subcellular compartment targeted
by the NS3-NS4A complex, staining with fluorescent dyes and
colocalization experiments with antibodies to cellular proteins
were performed. The NS3-NS4A complex expressed in UNS3-
4A and UHCV cells showed a pattern very similar to that
revealed by live staining of the cells with the fluorescent dye
3,3'-dihexyloxacarbocyanine iodide [DiOCg4(3)], which is spe-
cific for the ER and mitochondria (48) (data not illustrated). In
addition, the tubular structures observed in UNS3-4A cells
corresponded to the pattern revealed by the fluorescent dye
rhodamine-123, which labels mitochondria (21) (data not illus-
trated). These findings were examined in more detail by dou-
ble-immunolabeling experiments. For this purpose, the reac-
tivity of biotinylated MAb 1B6 against NS3 was revealed by
TXR-conjugated streptavidin, and the reactivity of antibodies
against cellular marker proteins was revealed by FITC-conju-
gated secondary antibodies, as shown in Fig. 4. As expected,
NS3 and NS4A were found to colocalize in UNS3-4A cells.
The NS3-NS4A complex expressed in UNS3-4A cells colocal-
ized with PDI and calnexin (the latter is not illustrated), two
markers specific for the ER, as well as with COX-I, a marker
specific for mitochondria. The NS3 staining pattern observed
in these cells was clearly different, however, from that revealed
by antibodies directed against Rabl, a marker of the ER-to-
Golgi intermediate compartment, and Man II, a marker of the
Golgi apparatus. These observations indicate that the NS3-
NS4A complex expressed in UNS3-4A cells is localized in the
ER or an ER-like modified compartment. Analogous results
were obtained in UHCYV cells (data not illustrated). By con-
trast, the NS3 serine protease domain and full-length NS3
protein expressed in UNS3P201 and UNS3 cells, respectively,
did not colocalize with DiOC¢(3), rhodamine-123, PDI, cal-
nexin, Rab1, Man II, or COX-I, as representatively shown for
UNS3 cells stained with antibodies against NS3 and PDI in the
bottom panel of Fig. 4.

As found previously by us (32, 33) and by others (37) using
the tetracycline-regulated gene expression system, there was
some heterogeneity in expression levels among individual cells
of a given monoclonal cell line. This inherent feature of the
expression system explains the observation that not all of the
cells stained with antibodies against marker proteins showed a
positive staining for NS3 protein in the double-immunolabel-
ing experiments.
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The results obtained by immunofluorescence microscopy
were supported by subcellular fractionation experiments which
revealed NS3 protein in the cytosolic 100,000 X g supernatant
(S-100 fraction) only in UNS3 but not in UNS3-4A cells (data
not illustrated). In addition, NS3, NS4A, and PDI were found
to peak in the same discrete fraction of sucrose gradients only
in UNS3-4A cells, whereas NS3 expressed in UNS3 cells
showed a broad distribution across these gradients (data not
illustrated).

Taken together, these results indicate that the NS3 serine
protease domain and full-length NS3 protein expressed in the
absence of NS4A were diffusely distributed in the cytoplasm
and nucleus. By contrast, coexpression of the NS4A cofactor,
either in the context of the NS3-NS4A complex or in the
context of the entire HCV polyprotein, directed NS3 to the ER
or an ER-like modified compartment. The relevance of these
observations made in cell lines in vitro was confirmed by im-
munohistochemical analyses of liver tissue sections from pa-
tients with chronic hepatitis C which revealed NS3 only in the
cytoplasm and not in the nucleus of naturally infected hepato-
cytes. Using MAD 2E10, a positive signal was detected in 16 out
of 29 liver biopsy specimens (55%) from patients with chronic
hepatitis C. In positive samples, 30 to 80% of the hepatocytes
were stained with this MAb (Fig. 5). No reactivity was found in
liver tissues from HCV-negative patients. In addition, prein-
cubation with recombinant NS3 protease domain almost com-
pletely abolished reactivity (data not illustrated).

Stability of NS3 and the NS3-NS4A complex. The ability to
regulate protein expression in inducible cell lines allowed us to
determine and compare the intracellular half-lives of NS3 and
the NS3-NS4A complex. In this context, the HCV-specific
mRNA transcript was found to disappear with a half-life of <1
h after addition of tetracycline to the culture medium (data not
illustrated). Figure 6 shows a representative study of NS3 pro-
tein expression in UNS3 and UNS3-4A cells cultured for var-
ious times in the absence or presence of tetracycline. No HCV
protein synthesis was observed in the presence of tetracycline.
HCV protein expression was induced upon tetracycline with-
drawal and reached a steady-state level after 24 to 48 h. When
tetracycline was re-added to the culture medium, NS3 rapidly
disappeared from UNS3 cells (Fig. 6A). By contrast, in UNS3-
4A cells NS3 was still detectable after 120 h (Fig. 6B). By
densitometry scanning, semilogarithmic plotting, and regres-
sion analyses, mean NS3 protein half-lives of 3 and 26 h were
calculated for NS3 expressed in a number of independent
UNS3 and UNS3-4A cell clones, respectively (Fig. 6C). Thus,
coexpression of NS4A dramatically increased the stability of
NS3 in this cellular context. A breakdown product of approx-
imately 54 kDa appeared early in all UNS3 cell clones and
represented roughly half of the total NS3 protein expressed at
steady state (Fig. 6A). In UNS3-4A cells, two minor break-
down products of approximately 40 and 27 kDa were found,
with the temporal sequence of their appearance suggesting
a precursor-product relationship (Fig. 6B). Under the same
experimental conditions no NS3 breakdown products were
detectable in UHCV cells, suggesting a further degree of
stabilization of NS3 in the context of the entire HCV poly-
protein.

trans-Cleavage competence of NS3 and the NS3-NS4A com-
plex expressed in inducible cell lines. HCV NS3 protein ex-
pressed in UNS3-4A cells allowed proper cis-cleavage of
NS4A, as shown in Fig. 1B. To assess the trans-cleavage com-
petence of NS3 expressed in the different cell lines, cytomeg-
alovirus promoter-driven expression constructs coding for
NS4B-NS5A or NS5A-NS5B312 substrates of the NS3 serine
protease were transiently transfected into UNS3P201, UNS3,
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FIG. 2. Subcellular localization of HCV NS3 protein in vitro. UNS3P201-47.10, UNS3-25, UNS3-4A-24, and UHCV-35 cells were cultured for 24 h in the presence
(+tet) or absence (—tet) of tetracycline and subsequently processed for indirect immunofluorescence microscopy with MAb 1H7 as described in Materials and Methods.
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FIG. 3. Subcellular localization of HCV NS3 protein in vitro. UNS3P201-47.10, UNS3-25, UNS3-4A-24, and UHCV-35 cells were cultured for 24 h in the absence
of tetracycline and subsequently processed for confocal laser scanning microscopy with MAb 1H7 as described in Materials and Methods. Cells were counterstained
with propidium iodide (PI) to visualize nuclei. Horizontal sections taken through the center of the nuclei are shown. Images recorded in green (FITC) and red (PI)
channels are presented separately on the left and on the right, respectively, and composite images are shown in the middle.

and UNS3-4A cells cultured in the presence or absence of
tetracycline. NS3 protease activity was assessed by the detec-
tion of the 56- to 58-kDa processed NS5A protein by immu-
noblot analysis. As shown in Fig. 7A, the NS4B-NS5A precur-
sor was processed only in UNS3-4A but not in UNS3P201 and
UNS3 cells cultured in the absence of tetracycline. This is

consistent with reports from cell-free and transient cellular
expression systems where cleavage at the NS4B-NS5A junction
has been found to be NS4A dependent (2, 10, 27, 47). By
contrast, the NS5A-5B312 fusion protein was processed in
UNS3P201, UNS3, and UNS3-4A cells cultured in the absence
of tetracycline, although with reduced efficiency in UNS3P201



UNS3-4A

FIG. 4. NS3 is localized in the ER in UNS3-4A cells. UNS3-4A-24 and UNS3-25 cells were cultured for 24 h in the absence of tetracycline and subsequently
processed for double immunolabeling. In brief, cells were fixed and permeabilized as described in Materials and Methods, followed by sequential incubations with (i)
MADbs 8N against NS4A, 1D3 against PDI, or 1D6-E1-A8 against COX-I or with rabbit polyclonal antisera against Rab1 or Man II, as indicated; (ii) FITC-conjugated
goat F(ab’) fragment to mouse IgG F(ab’), or sheep F(ab'), fragment to rabbit IgG; (iii) biotinylated MAb 1B6 against the HCV NS3 serine protease domain; and
(iv) TXR-conjugated streptavidin (Molecular Probes). Slides were viewed with filter sets for TXR and FITC, respectively.
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FIG. 5. Localization of NS3 protein in liver tissue sections from patients with
chronic hepatitis C. NS3 protein was detected as diffuse and homogeneous
immune reactant within the cytoplasmic compartment. Cell nuclei were consis-
tently negative (arrows). Magnification, X400.

and UNS3 compared to UNS3-4A cells (Fig. 7B). In our sys-
tem, therefore, NS3 serine protease expression allowed both
NS4A-dependent trans-cleavage at the NS4B-NSSA junc-
tion and NS4A-independent cleavage at the NS5A-NS5B
junction.

The amino-terminal two-thirds of NS4A are required for ER
targeting of NS3. As shown in Fig. 8, the NS4A polypeptide
directed NS3 to the ER not only when expressed and pro-
cessed in cis in the context of a NS3-NS4A complex but also
when coexpressed in frans. This observation allowed us to
determine the domain of NS4A required for ER targeting of
NS3 by transient cotransfection experiments. For this purpose,
the expression constructs coding for the amino-terminal two-
thirds (aa 1 to 34), the central one-third (aa 21 to 34), and the
carboxy-terminal two-thirds (aa 21 to 54) of NS4A were co-
transfected with a NS3 expression construct and the subcellular
localization of NS3 was subsequently examined by immunoflu-
orescence microscopy. The central one-third of NS4A was in-
cluded in all NS4A expression constructs because this domain
has been shown to interact with NS3 (3, 29, 45, 47). As shown
in Fig. 8, of the different NS4A deletion constructs only the
construct encoding the amino-terminal two-thirds of NS4A
was able to direct NS3 to the ER. Cotransfection of NS3 with
the central domain or the carboxy-terminal two-thirds resulted
in a diffuse staining pattern identical to the one observed after
transfection of NS3 alone. Expression of the polypeptides en-
coded by the different NS4A deletion constructs was verified by
their ability to confer NS4A-dependent frans-cleavage compe-
tence to NS3 in transient cotransfection experiments with an
NS4B-NS5A substrate (data not illustrated). Taken together,
these results indicate that the amino-terminal two-thirds of
NS4A are required for ER targeting of NS3.

DISCUSSION

The subcellular localization, stability, and trans-cleavage
competence of the HCV NS3-NS4A complex were examined
in tetracycline-regulated cell lines. Given the lack of an effi-
cient cell culture system for HCV, these cell lines represent a
highly reproducible system for studying the structural and
functional properties of the NS3-NS4A complex in a cellular
context. The UNS3P201, UNS3, UNS3-4A, and UHCV cell
lines, which allow the tightly regulated expression of the NS3

J. VIROL.

serine protease domain, full-length NS3 protein, the NS3-
NS4A complex, and NS3 in the context of the entire HCV
polyprotein, respectively, were characterized in detail. These
cell lines were maintained in continuous culture for more than
1 year and over 50 passages with stable characteristics and
without loss of tightly regulated gene expression.

The NS3 serine protease domain and full-length NS3 pro-
tein expressed in the absence of NS4A were diffusely distrib-
uted in the cytoplasm and nucleus. By contrast, coexpression of
the NS4A cofactor, either in the context of the NS3-NS4A
complex or the entire HCV polyprotein, led to a cytoplasmic
localization of NS3. In this case, NS3 could not be detected in
the nucleus by immunofluorescence and confocal laser scan-
ning microscopy or in a soluble cytosolic fraction by differential
centrifugation analyses. Colocalization studies with fluorescent
dyes and antibodies against cellular marker proteins revealed
the NS3-NS4A complex to be localized in the ER. Double-
immunolabeling experiments with markers for the ER-to-
Golgi intermediate compartment and the Golgi apparatus
showed no evidence of transport of NS3 protein beyond the
ER. Interestingly, we have previously found that all investi-
gated HCV structural and nonstructural proteins colocalized
in UHCV cells (33). In addition, native HCV envelope glyco-
protein complexes were found to be strictly retained in the ER
of these cells (8). It is conceivable, therefore, that the ER or an
ER-like modified cell compartment is the site of both mem-
brane-associated HCV RNA replication and virus assembly.

Based on results of transient-cotransfection experiments,
Muramatsu et al. recently reported that wild-type p53 medi-
ated accumulation of NS3 in the nucleus even in the presence
of NS4A (36). U-2 OS cells are wild type with respect to p53
(7). At the levels of endogenous p53 expressed in these cells,
however, we were unable to confirm these findings.

The significance of the staining of mitochondria observed in
UNS3-4A cells remains to be defined. This pattern was not
readily apparent in UHCV cells, most likely due to the overall
lower expression levels in these cells. A possible explanation
for this staining pattern may be that it results from ER mem-
branes which typically surround mitochondria in U-2 OS cells
(32).

The relevance of our observations made in cell lines in vitro
was confirmed by immunohistochemical analyses of liver tissue
sections from patients with chronic hepatitis C. These revealed
NS3 only in the cytoplasm and not in the nucleus of naturally
infected hepatocytes. Interestingly, of our panel of MADs, all
of which reacted with NS3 expressed in cell culture, only MAb
2E10 was able to detect NS3 protein in liver tissue sections.
The epitope within the NS3 serine protease domain recognized
by this MAb, therefore, appears to be particularly accessible
for this application.

In addition to determining its subcellular localization, coex-
pression of NS4A dramatically increased the intracellular sta-
bility of NS3. Dynamic expression studies in different UNS3
and UNS3-4A cell clones revealed protein half-lives of 3 and
26 h, respectively, for NS3 expressed alone or together with
NS4A. A discrete breakdown product of approximately 54 kDa
appeared early in all UNS3 cell clones and represented roughly
half of the total NS3 protein expressed at steady state. This is
reminiscent of an approximately 49-kDa amino-terminal frag-
ment that has recently been reported to be derived by internal
processing of NS3 (46). In UNS3-4A cells, however, two dif-
ferent minor breakdown products of approximately 40 and
27 kDa were found, suggesting an altered susceptibility to
proteolytic cleavage as a consequence of either conforma-
tional changes or membrane association of NS3 complexed
with NS4A. Finally, under the same experimental conditions
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FIG. 6. NS4A increases the intracellular stability of HCV NS3 protein. UNS3-25 (A) and UNS3-4A-24 (B) cells were cultured in the presence of tetracycline until
time point zero, when tetracycline was withdrawn from the medium. Subsequently, cells were harvested at the times indicated on top. After 48 h tetracycline was
re-added to the medium. A total of 70 g of protein per lane was separated by SDS-12% PAGE and analyzed by immunoblot with MAbs 1H7 against NS3 and 8N
against NS4A as described in Materials and Methods. Molecular mass standards are indicated on the left in kilodaltons. (C) NS3 protein half-life determinations. Four
different UNS3-4A and 3 UNS3 cell clones were subjected to time course analyses as shown in panels A and B. Immunoblot signals were quantitatively examined by
densitometry scanning as described in Materials and Methods. Regression equations were generated with the Cricket Graph III program (Computer Associates

International, Inc., Islandia, N.Y.) and used to calculate half-lives.

no smaller size NS3 products were detectable in UHCV cells,
suggesting a further degree of stabilization of NS3 in the con-
text of the entire HCV polyprotein.

In addition to determining its subcellular localization and
intracellular stability, the NS4A cofactor was found to alter the
trans-cleavage competence of the NS3 serine protease ex-
pressed in tetracycline-regulated cell lines. Consistent with re-
sults obtained in cell-free and transient cellular expression
systems (2, 10, 27), cleavage at the NS4B-NS5A junction was
dependent and at the NS5A-NS5B junction was independent
of NS4A.

Taken together, the NS4A cofactor was found to profoundly
modulate important features of NS3 when expressed in a cel-
lular context. This should be considered in studies address-
ing structural, functional, and immunological properties of

NS3 and interactions of NS3 with host cell proteins and path-
ways.

NS4A directed NS3 to the ER not only when expressed and
processed in cis but also when expressed in trans. This obser-
vation allowed us to map the NS4A domain responsible for
ER targeting of NS3 by transient-cotransfection experiments.
These experiments revealed the amino-terminal two-thirds of
NS4A (aa 1 to 34) to be required for ER targeting. Consistent
with data from cell-free and transient cellular expression sys-
tems (3, 29, 45, 47), however, the central domain of NS4A (aa
21 to 34) was sufficient for protease activation. The very hy-
drophobic amino-terminal domain of NS4A, therefore, likely
represents the membrane anchor for the NS3-NS4A complex.
The data shown in Fig. 7 and additional data not shown indi-
cate that protease activation and membrane association medi-
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FIG. 7. trans-Cleavage competence of NS3 expressed in inducible cell lines.
UNS3P201-47.10, UNS3-28.11, and UNS3-4A cells were cultured for 2 h in the
presence or absence of tetracycline, followed by transient transfection of
pCMVNS4B-5A (A) or pCMVNS5A-5B312 (B) NS3 substrate expression con-
structs. Cells were harvested 36 h posttransfection, and cell lysates were sepa-
rated by SDS-10% PAGE, followed by immunoblotting with MAb 11H against
NS5A as described in Materials and Methods. Molecular mass standards are
indicated on the left in kilodaltons.

ated by NS4A may not be completely separated because cleav-
age at NS4A-dependent sites occurred more efficiently and
completely when the amino-terminal two-thirds of NS4A or
the entire NS4A polypeptide was present. Modulation of NS3
function and stability by NS4A may represent an important
regulatory mechanism in the HCV life cycle.

NS3 is likely to interact with other HCV nonstructural pro-
teins to form a membrane-associated replication complex (20,
30). The nonstructural proteins other than NS3 are localized
in the ER also when expressed individually (D. Moradpour,
T. Hugle, E. Bieck, C. M. Rice, and H. E. Blum, unpublished
data). Cotransfection experiments with constructs coding for
NS3 and NS2, NS4A, NS4B, NS5A, and NS5B indicated, how-
ever, that only NS4A can direct NS3 to the ER (Moradpour et
al., unpublished). Current studies in our laboratories are aimed
at understanding in more detail the mechanism of membrane
association of NS4A.

In conclusion, using a tetracycline-regulated gene expression
system to establish continuous human cell lines inducibly ex-
pressing various forms of HCV NS3 and the NS3-NS4A com-
plex, we found that coexpression of NS4A directs NS3 to the
ER or an ER-like modified compartment, dramatically in-
creases its intracellular stability, and alters its trans-cleavage
competence. By contrast, NS3 protein expressed without the
NS4A cofactor showed a diffuse nuclear and cytoplasmic dis-
tribution and was very unstable. NS3 when expressed alone,
therefore, has very different properties compared to the NS3-
NS4A complex. These results demonstrate the importance of
studying HCV proteins in their biological context. In addition,
they define a well-characterized and highly reproducible cell
culture system for further analyses of the NS3-NS4A com-
plex and for the development of novel antiviral strategies
against hepatitis C. In this context, these cell lines represent
a unique tool to evaluate candidate protease inhibitors as
antiviral agents.
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FIG. 8. The amino-terminal two-thirds of NS4A are required for ER target-
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OS cells were transiently transfected with cytomegalovirus promoter-driven ex-
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Cells were subsequently processed for indirect immunofluorescence microscopy
with MAb 1H7 as described in Materials and Methods.
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